High-performance affinity chromatography was used to study binding by the drug lidocaine to human serum albumin (HSA) and α 1 -acid glycoprotein (AGP). AGP had strong binding to lidocaine, with an association equilibrium constant (K a ) of 1.1-1.7 × 10 5 M -1 at 37 °C and pH 7.4. Lidocaine had weak-to-moderate binding to HSA, with a K a in the range of 10 3 to 10 4 M -1 . Competitive experiments with site selective probes showed that lidocaine was interacting with Sudlow site II of HSA and the propranolol site of AGP. These results agree with previous observations in the literature and provide a better quantitative understanding of how lidocaine binds to these serum proteins and is transported in the circulation. This study also demonstrates how HPAC can be used to examine the binding of a drug with multiple serum proteins and provide detailed information on the interaction sites and equilibrium constants that are involved in such processes.
Introduction
Many drugs can bind to serum proteins, which can affect the distribution, metabolism, elimination and activity of these drugs [1] [2] [3] . The study of drugs binding to plasma proteins has been studied extensively [4] [5] [6] . Human serum albumin (HSA) and α 1 -acid glycoprotein (AGP) are two serum proteins known to bind many small solutes such as drugs and hormones in the body [7] [8] [9] . HSA is known to bind to mostly acidic drugs, where as AGP is involved in the binding of mostly basic and neutral drugs [10] . Several methods have been used to study these binding processes, including ultrafiltration, equilibrium dialysis, and CE [3, 7, [11] [12] [13] . Computational modeling has also been used to examine the binding of drugs to HSA [14, 15] . High-performance affinity chromatography (HPAC) is another tool that has been frequently used to examine such processes [3, 7, 11, 12] . This report will use HPAC to examine binding by the drug lidocaine with HSA and AGP. Lidocaine (see Figure 1 ) is used in the treatment of ventricular cardiac arrhythmias or cardiac arrest with ventricular fibrillation; lidocaine is also employed as a local anesthetic [16] [17] [18] . A previous report has shown that lidocaine has much greater affinity for AGP than for HSA [19] . Lidocaine is known to bind strongly to AGP, with an association equilibrium constant *Author for correspondence: Phone, 1-402-472-2744; dhage@unlserve.unl.edu; Fax: 1-402-472-9402. Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
(K a ) in the range of 3.2 (± 0.2) × 10 4 (determined at 25 °C and pH 7.4 by CE/frontal analysis) up to 1 × 10 5 M -1 [20] . Lidocaine is also believed to bind weakly to HSA [16] [17] [18] 21] , with an estimated K a of 2.3 × 10 2 M -1 (measured at 25 °C and pH 7.4 by equilibrium dialysis) [22] . Frontal analysis will first be used in this study with HPAC to examine the binding of lidocaine with HSA and AGP. Zonal elution and competition studies will also be conducted to identify the binding sites of lidocaine on these serum proteins. The results should provide a clearer picture of how lidocaine binds with these proteins and illustrate how HPAC can be used to provide detailed information on the interactions of a drug with both HSA and AGP.
Experimental

Reagents
The AGP (human, 99% pure), HSA (essentially fatty acid free, ≥ 96%), lidocaine, racemic propranolol (≥ 99%), racemic warfarin (98%), L-tryptophan (> 98%), and periodic acid were purchased from Sigma (St. Louis, MO, USA). The ethylene glycol was from Fisher Scientific (Pittsburgh, PA, USA). Macherey Nagel (Düren, Germany) was the source of the Nucleosil Si-300 (5 or 7 μm particle diameter, 300 Å pore size). All other reagents were of the purest grades possible. All aqueous solutions were prepared using water from a Nanopure system (Barnstead, Dubuque, IA, USA). The mobile phases were degassed prior to use by ultrasonication and filtered using 0.2 μm nylon filters from Millipore (Billerica, MA, USA).
Apparatus
Slide-a-Lyzer 10K dialysis cassettes (MW cutoff, 10 kDa) were obtained from Pierce (Rockford, IL, USA). A column packer from Alltech (Deerfield, IL, USA) was used to downward slurry pack all HPAC columns. The system used in the chromatographic studies consisted of two System Gold 118 pumps from Beckman (Fullerton, CA, USA), a UV/Vis 205 variable wavelength absorbance detector from Perseptive Biosystems (Foster City, CA, USA) and a LabPro injection valve (Rohnert Park, FL, USA) equipped with a 5 μL or 10 μL sample loop. Chromatographic data were collected and processed using LabView 5.1 (National Instruments, Austin, TX, USA) and Peakfit (Systat Software, San Jose, CA, USA). During the chromatographic studies, column jackets from Alltech (Deerfield, IL, USA) and a Polyscience circulation water bath from VWR (Buffalo Grove, IL, USA) were used to control the column temperature.
Methods
Diol silica was prepared from Nucleosil Si-300 (5 or 7 μm particle diameter) using a previous procedure [23] . The methods for converting the diol silica to hydrazide-activated silica and for immobilizing oxidized AGP to this support were also obtained from the literature [3] . Support consisting of hydrazide-activated silica to which no oxidized AGP had been added was made as a control. HSA was immobilized to silica by the Schiff base method, also using diol silica as the starting material [23] . A support that was prepared in the same manner but with no HSA added was prepared as the corresponding control.
The AGP, HSA, and control supports were packed into separate 5 cm × 4.6 mm i.d. stainless steel columns at 4000 psi using pH 7.4, 0.067 M potassium phosphate buffer as the packing solution. The protein content of the AGP support was estimated to be 17 (± 2) mg AGP/g silica, as determined through the measured retention of carbamazepine [24] and using a K a of 1.05 × 10 5 M -1 for this interaction [25] . The protein content of the HSA support was estimated to be 30 (± 9) mg HSA/g silica, as also determined through the measured retention of carbamazepine [24] and using a reported K a of 5.3 × 10 3 M -1 [26] . All columns were stored at 4 °C in pH 7.4, 0.067 M phosphate buffer when not in use.
The chromatographic experiments were performed at 37 °C and 0.5 mL/min using a 10 μL sample loop. The only exceptions were the competition studies for HSA, which used a 5 μL sample loop and a flow rate of 1 mL/min. A pH 7.4, 0.067 M potassium phosphate buffer was used as the mobile phase for all studies. This mobile phase was degassed under vacuum for at least 25-30 min prior to use. In the zonal elution studies, mobile phases containing 0-140 μM lidocaine were prepared using the pH 7.4, 0.067 M phosphate buffer, with all injections of probe compounds being made in triplicate. The frontal analysis experiments were also conducted in triplicate, using application buffers containing 5-25 μM lidocaine in pH 7.4, 0.067 M phosphate buffer and only a pH 7.4, 0.067 M phosphate solution as the elution buffer. Control columns in which no protein was present were used to correct for any nonspecific binding by lidocaine or the injected probes to the support and chromatographic system.
The probe compounds used in the competition studies were R/S-propranolol, R/S-warfarin, and L-tryptophan. Each probe was injected separately onto the columns while monitoring its shift in retention as the concentration of lidocaine in the mobile phase was varied. Both R-and Spropranolol are known to bind to a single site on AGP [27] ; R-and S-warfarin are both probes for Sudlow site I of HSA, and L-tryptophan is a probe for Sudlow site II [2] . The elution of lidocaine in the frontal analysis experiments was monitored at 205 nm. Detection wavelengths of 225 nm, 308 nm and 280 nm were used in the zonal elution studies to monitor propranolol, warfarin, and L-tryptophan, respectively. The retention times in the zonal elution studies were found by using the first statistical moment of each probe peak, as determined by using Peakfit and programs written in LabView 5.1. The column void time was determined by injecting 10 mM sodium nitrate onto the column and monitoring its elution at 205 nm. The extra-column void time was similarly determined by injecting sodium nitrate onto a zero dead volume connector.
Results and Discussion
Frontal Analysis Studies
Frontal analysis was first used to examine the overall binding of lidocaine to the HSA and AGP columns. In this method, a solution containing an analyte was continuously applied to the desired column and the resulting breakthrough was examined [12] . Eqn (1), which describes the binding by an analyte on a column with a single type of binding site, was used to initially examine these data. (1) In this equation, K a is the association equilibrium constant for the binding of analyte A with the immobilized ligand L, and m Lapp is the apparent moles of analyte required to reach the mean point of a breakthrough curve at a given concentration of applied analyte, [A] . If the data follows a 1:1 binding model, a plot of 1/m Lapp versus 1/[A] according to Eqn (1) would be predicted to give a linear relationship in which the slope and intercept can be used to obtain K a and the total moles of binding sites m L for the analyte [11] .
Some typical frontal analysis curves that were obtained for lidocaine on the AGP column are given in Figure 2 . Similar curves were obtained for lidocaine on an HSA column, but with much earlier breakthrough times. Figure 3 shows the resulting graph that was obtained when a plot of 1/m Lapp versus 1/[Lidocaine] was made according to Eqn (1) for the AGP column (relative standard deviation for m Lapp : average, ±3.5%; range, ±0.4-10%). This plot was found to give a good fit to a 1:1 binding model over the range of lidocaine concentrations that were examined (r = 0.9766, n = 5). Similar agreement to a 1:1 binding model was noted for the binding of lidocaine to the HSA column (r = 0.9890, n = 5).
The value of K a that was obtained from Figure 3 for the binding of lidocaine to AGP was 1.12 (± 0.20) × 10 5 M -1 . This value agrees with the range of values of 3.2 × 10 4 to 1 × 10 5 M -1 that have previously been reported for this interaction (see Ref. [20] and references therein). The binding capacity for this interaction was 7.1 (± 0.9) × 10 -8 mol. This value corresponded to a specific activity for lidocaine of 0.46 mol/mol AGP, which was consistent with a single site binding model (note: not all of the immobilized protein may be active, which is why a value below one and in the range of 0.5 can often be obtained in such an analysis) [3, 11] . The K a estimated for lidocaine on the HSA column was 4.7 (± 0.1) × 10 4 M -1 , which was consistent with relatively weak to moderate strength binding, as has been reported earlier for this system [22] . The binding capacity of the HSA column was 1.6 (± 0.5) × 10 -8 mol for lidocaine, giving a specific activity for lidocaine of 0.47 mol/mol HSA; this behavior was also consistent with a lidocaine having a single type of binding site on HSA. From the values of K a obtained for lidocaine on the AGP and HSA columns, the experimentally determined total changes in free energy (ΔG) for these interactions at 37°C were -7.2 (± 0.1) kcal/mol and -6.6 (± 0.1) kcal/ mol, respectively.
Competition Studies
The binding of lidocaine with AGP and HSA was examined next by using zonal elution and competition studies with probe compounds having known binding regions on these proteins. In this type of experiment, the mobile phase contains a competing agent (I) which is applied to the column while small injections of the desired site specific probe (A) are made. If the analyte and competing agent have competition at a single type of site in the column, the following equation can be used to describe the shift in the retention factor (k) for the probe compound that will be produced. (2) In this equation, V M is the column void volume, K I is the association equilibrium constant for the competing agent at its site of competition with the analyte, [I] is the concentration of competing agent in the mobile phase, and all other terms are as defined previously. The value of k is calculated by using the relationship k = (t R − t M )/t M , where t R is the mean retention time observed for the analyte in the presence of a given concentration of competing agent and t M is the column void time (note: the use of the same units for t R and t M results in a value for k which is dimensionless). Eqn (2) predicts that a system with 1:1 competition will give a linear response for a plot of 1/k versus [I], with a slope and intercept that are related to the values of K I , K a and m L [11] .
Competition studies on the AGP column were conducted in which propranolol was the injected probe [3, 27] and lidocaine was the competing agent. Some typical chromatograms that were obtained are shown in Figure 4 . The values of k that were measured in these experiments had an average relative standard deviation of ±3.3% (range, ±0.7-8%). Figure 5 shows that plots of 1/k versus [Lidocaine] were linear for both R-and S-propranolol on the AGP column (r = 0.9993-0.9995, n = 5). This result indicates that there was direct competition between lidocaine and propranolol for a single site on AGP.
The K a for lidocaine at its site of competition with propranolol was calculated by determining the ratio of slope and intercept from Eqn (2). This gave a value of 1.7 (± 0.8) × 10 5 M -1 when using either R-or S-propranolol as the probe. This result was statistically identical to the K a value measured by frontal analysis and confirmed that the main binding site of AGP lidocaine was the same site involved in the binding of R/S-propranolol to this protein. This degree of binding corresponded to a calculated total change in free energy of -7.4 (± 0.2) kcal/mol at 37°C .
To determine the binding site of lidocaine with HSA, competition studies were carried out between lidocaine and warfarin or L-tryptophan. There was no shift in the retention of warfarin or any indication of competition as the concentration of lidocaine was varied in the mobile phase. This result indicated that lidocaine was not binding to Sudlow site I of HSA. However, the retention of L-tryptophan did change as the mobile phase concentration of lidocaine was altered. A plot made according to Eqn (2) gave a linear relationship for these results (r = 0.9243, n = 4), confirming that 1:1 interactions and direct competition was occurring between lidocaine and L-tryptophan at Sudlow site II of HSA. The K a that was obtained for lidocaine at this case was 1.14 (± 0.2) ×10 3 M -1 . Although this value was lower than that obtained by frontal analysis, it was indicative of weak binding and gave good agreement with previous observations made of the lidocaine-HSA interaction [22] .
Conclusions
It was found by using HPAC that lidocaine has weak to moderate binding with HSA, with an estimated K a in the range of 10 3 to 10 4 M -1 . Lidocaine exhibited much stronger binding to AGP, with a K a in the range of 1.1-1.7 × 10 5 M -1 . It was found that lidocaine interacted with AGP at the same site as propranolol. Competition results also indicated that lidocaine was binding to Sudlow site II of HSA but not to Sudlow site I. These results agreed with previous observations made in the literature [20, 22] and provide a better understanding of how lidocaine binds to these serum proteins and is transported in the circulation. This work also illustrates how HPAC can be used to examine the binding of a drug such as lidocaine to both HSA and AGP and to provide detailed information on the binding sites and equilibrium constants that are involved in these interactions. Chromatograms obtained for the injection of propranolol onto an AGP column in the presence of lidocaine as a mobile phase additive. The concentrations of lidocaine in the mobile phase (from top-to-bottom) were 20, 15, 10, 7.5, and 5 μM. These experiments were conducted at pH 7.4 and 37 °C. 
